Results of applying the wire Electrical
Introduction
Electrical Discharge Machining ͑EDM͒ is a thermoelectric process that erodes workpiece material by a series of discrete electrical sparks between the workpiece and an electrode flushed by or immersed in a dielectric fluid. Unlike traditional cutting and grinding processes, which rely on the force generated by a harder tool or abrasive material to remove the softer work-material, the EDM process utilizes electrical sparks or thermal energy to erode the unwanted material and generate the desired shape. The hardness and strength of the difficult-to-machine work-materials are no longer the dominating factors that affect the tool wear and hinder the machining process. This makes the EDM process particularly suitable for machining hard, difficult-to-machine materials. The EDM process has the ability to machine precise, complex, and irregular shapes with a CNC control system. In addition, the cutting force in the EDM process is small, which makes it ideal for fabricating parts with miniature features.
The concept of cylindrical wire EDM is illustrated in Fig. 1 . A rotary axis is added to a conventional two-axis wire EDM machine to enable the generation of a cylindrical form. The initial shape of the part needs not to be cylindrical in shape. The electrically charged wire is controlled by the X and Y slides to remove the work-material and generate the desired cylindrical form. An example of the diesel fuel system injector plunger machined using the cylindrical wire EDM method is shown in Fig. 2 .
The idea of using wire EDM to machine cylindrical parts has been reported by Dr. Masuzawa's research group at University of Tokyo ͓1-8͔. These research activities were aimed to manufacture small-diameter pins and shafts. A wire guide was used to reduce the wire deflection during EDM of small-diameter shafts. Cylindrical pins as small as 5 m in diameter can be machined ͓8͔. The small-diameter pins can be used as tools for 3D micro-EDM applications ͓9,10͔.
In this study, instead of machining small-diameter pins, the focus is on exploring high material removal rates in the cylindrical wire EDM process. The material removal rate data was not reported in Masuzawa's research ͓1-8͔. In this study, two configurations to find the maximum material removal rate for cylindrical wire EDM were explored. One of the difficult-to-machine metal matrix ceramic composites, tungsten carbide in cobalt matrix, was used in this study. The mathematical model for material removal rate was derived to help understand and improve the cylindrical wire EDM process.
The spindle design and spindle error analysis methods are first presented in this paper. The model of material removal rate in free-form cylindrical wire EDM is then derived. Finally, the experimental results of the maximum material removal rates in the cylindrical wire EDM process are analyzed and compared to that of 2D wire EDM.
Spindle Design
The rotating workpiece is driven by a spindle, which is submerged in a tank of deionized water. Two jets of high-pressure water are used to flush the workpiece to improve the material removal rate and maintain a uniform thermo-environment. A precision underwater spindle is the key subsystem of the experiment. This spindle must meet the following design criteria: The picture of the underwater spindle used in this study is shown in Fig. 3 , respectively. A pair of deep groove silicon nitride ball bearings with stainless steel rings was used. The gear motor was located above water on the top of the frame. A timing belt was used to transmit the rotational motion to the R8 collet holder. Precision internal grinding of the angle in the collect holder was required to achieve the desired runout specification, which is less than 10 m on the part 20 mm from the face of the collet.
Spindle Error Analysis
Spindle runout error is an important parameter that can affect the maximum material removal rate, roundness, and surface finish of cylindrical wire EDM parts. The Donaldson reversal principle ͓11͔ was applied to measure the spindle error. An electronic indicator with 0.1 m resolution was used to measure two runout traces on opposite sides of a 6.35 mm diameter silicon-nitride bar. The spindle error can be calculated from these two runout traces. A sample spindle error trace at 30 rpm is shown in Fig. 4 . The maximum spindle error is defined as the average peak to valley value on the error trace. Results of the maximum spindle error at 10 different speeds are shown in Fig. 5. Fourier transformation was applied to analyze the spindle runout data to identify the source of error. Figure 6 shows the amplitude of error vs. frequency for two spindle rotational speeds at 30 and 60 rpm. Four major peaks can be identified. ͑i͒ f 0 : This is the major peak, which is caused by the off center error. The position of this peak always corresponds to the spindle rotational speed.
͑ii͒ f 1 : This is always equal to five times the rotational speed of the spindle, possibly caused by the form error on bearing races.
͑iii͒ f 3 and f 4 : These two frequencies, 60 and 120 Hz, remain unchanged for different motor rotational speeds. The frequency peak at 120 Hz is possibly caused by the DC motor. The amplitude of the frequency at 60 Hz is only significant at certain motor rotational speeds, such as 90 and 180 rpm. This is possibly caused by resonance at the spindle's natural frequency, which is measured as 60 Hz. The process parameters for modeling the material removal rate in cylindrical wire EDM of a free-form shape are illustrated in Fig. 7 . An XY coordinate system is first defined. The X-axis coincides with the rotational axis of the workpiece. The positive direction of the X-axis is determined by the direction of the wire traverse velocity vector, f . The component of the wire-traverse velocity vector on the X-axis is always positive. The Y-axis, in the radial direction of the cylindrical workpiece, is perpendicular to both the X-axis and the wire. Assume the original workpiece is in cylindrical geometry. R is the original radius of the workpiece. r e is the radius of the effective circle, C e , which equals the wire radius, r w , plus the width of the gap between the wire and the workpiece. r is the minimum distance from the effective circle, C e , to the rotational axis of the workpiece. f , the magnitude of f , is equal to the wire feed rate during machining. ␣ is the angle from the positive X-axis to f . The range of ␣ is from Ϫ/2 to /2.
The Material Removal Rate ͑MRR͒ in cylindrical wire EDM of a free-form cylindrical geometry is shown in Eq. ͑1͒ with the detailed derivation summarized in the Appendix. 
Experiment on the Maximum Material Removal Rate
Two types of materials, carbide and brass, were used in this study. The carbide material is 1 to 2 m size tungsten carbide in a 10% cobalt matrix. This material has hardness of 92 Rc, transverse rupture stress of 3.4 MPa, and specific density of 14.5. The brass material is alloy 360 free-machining brass with 61.50% copper, 35.25% Zinc, and 3.25% lead. Relative to the carbide, brass is easy to EDM because of its good electrical conductivity and low melting temperature. The machine setup and process parameters for the cylindrical wire EDM experiment are listed in Table 1 . Two parameters, the part rotational speed, , and wire feed rate, f , are varied in this study to investigate their effect on the cylindrical wire EDM of two different work-materials. Results of the maximum material removal rate are discussed below.
The maximum material removal rate (M RR max ) is an important indicator of the efficiency and cost-effective of the process. Tests are designed to find the M RR max in both the cylindrical and 2D wire EDM. Two test configurations to measure the M RR max in cylindrical wire EDM are illustrated in Figs. 8͑a͒ and 8͑b͒. Two 2D wire EDM tests, as shown in Figs. 8͑c͒ and 8͑d͒, were also conducted on the same work-material to evaluate the difference in M RR max .
Key parameters of the two configurations to find the M RR max in cylindrical wire EDM are shown in Fig. 9 . In Fig. 9͑a͒ , ␣ is set to 0 degree and f is gradually increased to the limiting speed, when the short circuit error occurs. This f is recorded as f ,max and the M RR max can be calculated using Eq. ͑1͒. Another test configuration to measure M RR max in cylindrical wire EDM, as shown in Fig. 9͑b͒ , has constant ␣ and f . As the wire cuts into the workpiece, the material removal rate is gradually increased. At the position when the short circuit error occurs, the material removal rate is recorded as M RR max . Two test configurations to find M RR max for 2D wire EDM at different thickness are shown in Figs. 8͑c͒ and 8͑d͒. The v f was gradually increased to find the M RR max . Results of M RR max are summarized in Tables 2 to 4. Several observations can be extracted from the data in Tables  2 to 4 . Table 1 Machine setup for the cylindrical wire EDM experiment 1. The brass has much higher material removal rate than the carbide. 2. The M RR max for cylindrical wire EDM in Tables 2 and 3 is greater than the 2D wire EDM results in Table 4 . The possible cause may be better flushing conditions in the cylindrical wire EDM. In 2D wire EDM, as shown in Fig. 8͑c͒ , a narrow gap exists and affects the flow of high-pressure water jets for flushing. Such situation does not exist in the cylindrical wire EDM. 3. The M RR max for 2D wire EDM changes slightly with thickness. 4. For carbide, the M RR max may not be as high as that in rough grinding. However, this process does provide the advantage in flexibility to shape the workpiece.
5. The results from the two test configurations for cylindrical wire EDM at different sizes and angles are close to each other. The maximum material removal rate is calculated using the material removal rate model under various process setup parameters. This has verified the concept and mathematical model for the material removal rate.
Another important observation in this experiment is: the wire breakage is more likely to occur during cutting at a steeper angle ␣ in the test configuration shown in Fig. 9͑b͒ .
Concluding Remarks
The feasibility of applying the cylindrical wire EDM process for high material removal rate machining of free-from cylindrical geometries was demonstrated in this study. The mathematical model for the material removal rate of cylindrical wire EDM of free-form surfaces was derived. Two experimental configurations designed to find the maximum material removal rates in cylindrical wire EDM were proposed. Results of each test configurations match each other. The maximum material removal rate for the cylindrical wire EDM was higher than that in 2D wire EDM of the same work-material. This indicates that the cylindrical wire EDM is an efficient material removal process.
The spindle was found to be a critical factor in achieving the desired roundness, surface finish, and material removal rate. The effect of spindle error on part roundness will be discussed in the following paper. Other refinements to enhance the spindle accuracy are required to achieve better cylindrical wire EDM results. One of the advantages of the cylindrical wire EDM process is its ability to machine micro-size shafts. Preliminary results indicated that a precision spindle is the key factor in the system for micromachining applications.
The volume of the material removed from tϪ⌬t to t is denoted as V. As shown in Fig. 10 , V is the volume swept by the hatched area around the X-axis. V can be divided into three portions, V I , V II , and V III .
V I is a ring with outer radius R, inner radius rϩr e , and thickness r e .
V I ϭ͓R
2 Ϫ͑rϩr e ͒ 2 ͔r e (A.3)
An enlarged figure of the volume V II is shown in Fig. 11 . 
